Plant species may show a preference for uptake of particular nitrogen (N) forms, but little is known about how N form preference is influenced by soil temperature. Potential future changes in soil N form availability and plant N form preference in warmer soils might shift competitive interactions among forest tree species. We compared the N uptake and growth of three conifer species from contrasting environments grown at rhizosphere temperatures of 10, 16 or 20 °C and supplied with ammonium (NH 4 + ) or nitrate (NO 3 − ) or a mix of arginine and alanine. Short-term N uptake was assessed using ion-selective microelectrodes and application of 15 N, and long-term uptake was assessed by plant N status. Species exhibited preferences for particular N forms, and these preferences related to the N form most available in native soils. Specifically, Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) showed a preference for nitrate (a N form commonly found in warmer areas), Sitka spruce (Picea sitchensis (Bong.) Carr.) preferred ammonium (a N form abundant in cold soils) and Engelmann spruce (Picea engelmannii Parry ex Engelm.) showed a preference for ammonium and organic N (organic N is often abundant in cold soils). Relative N form preference, as indicated by plant growth, changed with temperature in some species, indicating that these species could acclimate to changing rhizosphere temperatures. Understanding how conifers utilize available soil nutrients at different temperatures can help to predict species' future performance as soil temperatures rise.
Introduction
In natural, uncultivated systems, including temperate coniferous forests, the lack of available nitrogen (N) often limits plant growth and productivity (Wollum and Davey 1975 , Prescott et al. 1992 , Marschner 2002 . Nitrogen uptake is usually positively correlated with photosynthesis and plant biomass, and when soluble forms of N are available to plant roots, they are readily taken up (Rennenberg and Schmidt 2010) .
Traditionally, most N taken up by plants was thought to be in the inorganic forms of ammonium (NH 4 + ) or nitrate (NO 3 − ) (Tamm 1991) . Over the last 20 years, however, many studies have challenged this view, showing that plants can directly take up organic N forms such as amino acids or small peptides. In some cases, organic N uptake rates are comparable to inorganic N uptake rates (Miller and Cramer 2004 , Öhlund and Näsholm 2004 , Näsholm et al. 2009 . Organic N uptake bypasses N mineralization and assimilation and allows direct N utilization. Although it is known that organic N uptake does occur and that it is important for plant nutrition, the relative uptake rates of organic and inorganic N by forest trees in contrasting environments are poorly understood (Näsholm et al. 2009 ).
Plants show plasticity as to which N form they take up, but may show a preference for particular inorganic or organic Research paper N forms. Preference for a N form can be shown by either increased uptake or enhanced growth when that N form is supplied (Britto and Kronzucker 2013) . The N form preferences of a plant species are likely related to the most abundant N forms in soils where that species grows (Britto and Kronzucker 2013) . In cool climates such as in arctic, alpine and boreal regions where N-mineralization rates are very low, plant amino acid uptake is comparable to that of inorganic N (Raab et al. 1996 , Öhlund and Näsholm 2001 , Persson 2003 . Many crop species perform better when supplied with some NO 3 − (in addition to NH 4 + ), and agricultural soils often contain relatively high amounts of NO 3 − (Clarkson et al. 1986, Martins-Loução and Cruz 1999) . Preference for a certain N form can also be related to the energy required for uptake, assimilation and storage, or to plant physiological status (Britto and Kronzucker 2013) .
The relative availabilities of NO 3 − , NH 4 + and amino acids and the uptake of N forms vary along productivity gradients. Highly productive sites supporting high plant growth rates tend to have relatively more inorganic N available, and plants from these sites take up more inorganic N than organic N (Nordin et al. 2001 , Weigelt et al. 2005 , Kranabetter et al. 2007 ). Low-productivity soils often have high proportions of amino acid-N and the slow-growing plants from these sites take up amino acids at relatively high rates (Nordin et al. 2001) . Root uptake of N can also be affected by the N form to which a plant was previously acclimated (Bassisirad et al. 1993 , Bassisirad 2000 . Plasticity in preference was demonstrated in ryegrass where the ratio of NH 4 + : NO 3 − uptake decreased when plants were pre-treated with NO 3 − (Clarkson and Warner 1979) . Thus, plants may show acclimation (vs adaptation) to the available N source. Kronzucker et al. (1997) suggested that nutrient preferences might be a prediction tool for fitness in certain ecosystems. Information on N preference and uptake could be used to predict the productivity or competitive ability of a species. With a change in the environment, we might use these predictions to forecast changes in species' fitness.
Soil temperature can affect plant N uptake and N form preference (Bonan 1991 , Scholberg et al. 2002 . Warming increases the overall availability of N in soils (Lukac et al. 2011) while increasing plant N uptake by increasing membrane fluidity (Reece et al. 2011) and metabolic rates; thus, the uptake of most N forms is positively correlated with temperature (Dong et al. 2001) . Rates of change in uptake may not be uniform across N forms, however, as the uptake of NO 3 − is more sensitive to temperature than the uptake of NH 4 + (Clarkson and Warner 1979 , Clarkson et al. 1986 , Thornton and Robinson 2005 . There are few studies of temperature effects on N form preference, and little work has been done to determine the current N form preferences of conifers, which can use organic N as a N source. Furthermore, there is little evidence to demonstrate whether species preference for certain N forms is a result of acclimation or adaptation.
In this study, we determined short-and long-term N form preference and uptake of three conifer species from contrasting environments in British Columbia (BC): interior low elevation (Douglas-fir, Pseudotsuga menziesii (Mirb.) Franco), coastal low elevation (Sitka spruce, Picea sitchensis (Bong.) Carr.) and interior montane (Engelmann spruce, Picea engelmannii Parry ex Engelm.). We tested the hypotheses that conifers exhibit N form preferences, and that preferences change with soil temperature. We tested growth and N uptake at three root temperatures: 10 °C, the current mean growing season soil temperature on the BC coast (Spittlehouse and Stathers 1990) ; 16 °C, the predicted mean growing season soil temperature on the BC coast in 2100, based on a maximum 6 °C warming predicted by global climate models (IPCC 2007) ; and ~20 °C, the temperature to which all shoots were exposed.
Materials and methods
Seeds of interior Douglas-fir, Sitka spruce and Engelmann spruce were sown in a greenhouse on 13 February 2012 in a 1 : 1 sand : peat moss mix at ambient temperature (~20 °C) after stratification at 4 °C for 3 weeks. Two seedlots of each species were sown with similar latitude, elevation, biogeoclimatic zone and germination percent (Table 1) .
Short-term N form preference-N ion flux measurement
Relative uptake rates of NH 4 + and NO 3 − at root temperatures of 10 °C, 16 °C and 20 °C were compared by measurement of net ion flux in seedling roots of the three conifer species. Seedlings received no nutrient applications during the initial 7 weeks of growth. Seven weeks after germination, seedlings were selected for ion flux measurement. Each day for five consecutive days, a random subsample of seedlings was selected. In total, 108 seedlings were assessed (6 seedlots × 3 temperatures × 6 replicates). Seedlings were removed from soil, roots washed and seedlings tied onto Plexiglas strip holders. Seedlings on holders were placed in test tubes filled to the root (Newman 2001) . Electrode preparation, calibration and positioning, and flux calculation were performed as described in Hawkins and Robbins (2010) .
Net N fluxes were measured 1 cm from the root tip, a region of active uptake (Hawkins et al. 2008) . Average solution N ion concentrations changed by a maximum of 3 µM during measurements, and average temperature changed by a maximum of 2.5 °C.
Long-term N form preference
Seedling growth The effect of three root temperatures (10 °C, 16 °C and ~20 °C (ambient)) on NH 4 + , NO 3 − and amino acid uptake, and seedling growth and root morphology of the three conifer species was measured using controlled root temperature chambers in a greenhouse at Pacific Forestry Center in Victoria, BC (48°27′N, 123°24′W). Six weeks after germination, a subsample of seedlings sown on 13 February 2012 was replanted in 615A Styroblock ® containers fitted for the root temperature chambers and containing a 50 : 50 mix of peat and sand. Temperature chambers were chest freezers modified with thermostats controlled by thermocouples measuring rhizosphere temperature. Four root temperature chambers were set for each of the test temperatures of 10 °C, 16 °C and ambient (~20 °C), and shoots of all seedlings were exposed to ambient greenhouse temperature. Root temperatures were controlled within ±2.5 °C. Species and N form treatments were assigned randomly among the cells of styroblocks placed in the four replicate chambers per root temperature treatment, with eight seedlings per seedlot per N form treatment per root temperature treatment.
Seedlings were grown in the greenhouse for 4 months. In the first 2 months, seedlings were watered with distilled water twice a week and nutrients were added at every second watering. Nutrient solution was added separately to the water so the same amount of N was applied despite different water usage among root temperature treatments. During the final 2 months of growth, seedlings were watered and given nutrient solution once a week. The amount of water required for the styroblock in each chamber was determined by the difference between the weight after drying and the initial styroblock weight at field capacity. Percent soil moisture was maintained between 60 and 80%.
Concentrated N solutions were prepared with 5000 mg N l −1 . Nitrogen was supplied as 90% ammonium (2250 mg l −1 (NH 4 ) 2 SO 4 : 250 mg l −1 Ca(NO 3 ) 2 ) or 90% nitrate (250 mg l −1 (NH 4 ) 2 SO 4 : 2250 mg l −1 Ca(NO 3 ) 2 ) or organic N (625 mg l −1 arginine : 2500 mg l −1 alanine). Phosphorus and potassium were applied from a second concentrated solution in a ratio of 5N : 1P : 5K as H 3 PO 4 and K 2 SO 4 . From these concentrated solutions, 10 ml of each was added to the water for each of the styroblocks. As there were 45 conifers per styroblock, each conifer in all temperature and N treatments received ~1 mg N per week. Micronutrients were added from a solution of Plant-Prod chelated micronutrient mix (Plant Products Co. Ltd, Brampton, ON, Canada) applied at 15 mg per styroblock (0.3 mg per plant).
Growth/biomass measurements Seedlings were harvested after 4 months of growth and measured for root and shoot dry biomass, root architecture and total N uptake. Seedlings were carefully removed from pots, separated at the soil line into roots and shoots, and roots were washed with warm water. Seedling height, root collar diameter and number of primary branches were measured. Root architecture was measured using the Epson Perfection v750 scanner (Epson Canada Ltd, Markham, ON, Canada) and WinRHIZO ® software to determine average root length, average root diameter, average root surface area and number of root tips. Roots and shoots were then dried for 48 h in an oven at 60 °C and the biomass was measured as dry weight (g) of roots and shoots.
15 N uptake 15 N-labeled N forms were applied at the end of the 4-month experiment, just prior to seedling harvest, to a subsample of seedlings, and the amount of 15 N in seedlings after 24 h was measured to determine net N uptake at each temperature. For each root temperature, three seedlings per seedlot per N form treatment per species were selected from across the four root temperature chambers, and 2.5 mg N in 50 ml distilled water (3.57 mmol N) of 15 N-labeled Ca(NO 3 ) 2 ( 15 N 2 , 98% + ), 15 N-labeled (NH 4 ) 2 SO 4 ( 15 N 2 , 98% + ) and 15 N-labeled arginine ( 15 N 4 , 98% + ) solutions were applied through the entire soil column in each container of the respective N form treatment by the use of a syringe. Twenty-four hours after 15 N injections, roots were extracted and washed with water. Roots were then soaked in a 500 µM CaCl 2 solution for 5 min to remove any 15 N bound to the root surface. Roots and shoots were dried at 60 °C for 48 h, weighed, then combined and ground, and 7 mg of whole-plant sample was packaged in tin capsules (6 × 4 mm) and analyzed for wholeplant 15 N and N concentration at the UC Davis Stable Isotope Facility, Davis, CA, USA.
The fraction of N in each seedling taken up over the 24-h incubation was calculated using a mass balance approach as in the above equation: where 15 N Atom% Natural abundance = 0.369% measured in control seedlings and 15 N Atom% Enrichment = 98%. The fraction of N uptake was multiplied by seedling dry mass, N concentration and a factor of 10 6 , and divided by 24 h to calculate N uptake in ng h −1 .
Growing medium experiment
To assess if the N forms applied to seedlings could have been transformed over the course of the study, a second experiment with the same set-up as the long-term growth experiment was conducted, excluding conifer seedlings. To monitor N transformations in the soil, we measured N form availability in soil incubated in root temperature units over 16 weeks. Forty pots of soil were incubated at each of 10 °C, 16 °C and ~20 °C (ambient) in the root temperature chambers from September 2012 to December 2012. There were nine temperature chambers in total, three for each temperature treatment. During incubation, soil N and water applications were the same as the seedling growth experiment. Water-extracted soluble NO 3 − −N, NH 4 + −N and total N concentrations were determined on Days 1, 3 and 7 during Weeks 1, 5 and 9, and near the end of the 16-week soil incubation.
Soil extractions for each treatment (N form and temperature combinations) were prepared from four pots, randomly sampled from the three temperature chambers for each temperature treatment on each of the sampling days (four replications per temperature and N form). To prepare soils for extraction, a 2.5-cm diameter × 7.5 cm length cylindrical core of soil was taken and homogenized from each sampled pot. Approximately 5 g of homogenized soil was added to a centrifuge tube with 25 ml ultrapure water (18.2 MΩ cm). A subsample of soil was weighed and dried at 60 °C for 48 h to calculate percent moisture. Soil slurries were shaken for 1 h and then centrifuged at 3000 rpm for 15 min (2740 g). The supernatant was then transferred into a clean centrifuge tube and frozen at −20 °C until analysis, which occurred within the 16-week experiment.
Colorimetric determination of NH 4 + and NO 3 − was carried out using an analytical segmented flow system and FASPac ® software (Astoria-Pacific). The concentrations of N in samples were determined by running a standard curve using water standards containing NH 4 + −N/NO 3 − −N concentrations ranging from 0.1/0.01 to 500/50 mg N l −1 on the analytical segmented flow system before each analysis. In cases where a larger amount of N was in extracts, a standard of 1000/100 mg N l −1 was run. Quality assurance standard checks were placed between every eight samples. All samples were above the detection limit of 0.2 mg NH 4 l −1 and 0.01 mg NO 3 l −1 . Absorbance for NH 4 + was measured at 660 nm and for NO 3 − was measured at 540 nm. With soil extracts from Weeks 1, 5, 9 and 15, total N and organic N (calculated as the difference between total N and inorganic N) were determined using the method outlined in Qualls (1989) . A water persulfate digest was applied to water samples to sweep N from all N compartments into NO 3 − , with the modification of adding 3 : 1 rather than 5 : 1 sample : oxidizing reagent to ensure that high N samples were fully oxidized. In this method, digests were analyzed by automated colorimetry with the Astoria analytical segmented flow system and FASPac ® .
Statistical analysis
Data were tested for normality using a Shapiro-Wilk test, by which all growth and ion flux datasets were shown to be normal. For all analyses, a significance value of α ≤ 0.05 was used. Analysis of variance (ANOVA) was used for ion net flux (MIFE) data, N uptake calculated from atom% 15 N, total N of plants and soil N data. Plant growth parameters were tested with a multivariate analysis of variance (MANOVA) means comparison. As species interactions were significant in the MANOVA, we reanalyzed by species using ANOVA with temperature, N form treatment, seedlot and their interactions as fixed factors. Differences among means were tested for significance using Tukey's post hoc tests. For ANOVA of net ion flux data, flux rate was considered the response variable, while temperature, seedlot and their interactions were considered as fixed factors. For ANOVA of N uptake and total N data, N uptake rate or N concentration was considered the response variable, while temperature, N form treatment, seedlot and their interactions were considered as fixed factors. All analyses were conducted using SAS 9.1 software (SAS Institute, Inc., Cary, NC, USA).
For ANOVA of soil data, N form concentration was considered the response variable, while temperature, week and their interactions were considered as fixed factors. Mean NH 4 + , NO 3 − and organic N (as a percent of total N) were compared after arcsin square root transformation to achieve normal distributions. 
Results

Short-term N form preference-net NH 4 + and NO 3 − flux
Ammonium flux was significantly affected by root temperature (P = 0.0015) (Figure 1 , see Table S1 available as Supplementary Data at Tree Physiology Online). However, there was a significant interaction between seedlots within species and temperature (P = 0.0095). In all root temperature treatments, NH 4 + efflux was sometimes observed, but efflux was greatest at 16 or 20 °C (Figure 1) . The only instances of NH 4 + uptake were in roots incubated at 10 °C and in one Douglas-fir seedlot at 16 °C (Figure 1 ). There were no significant differences in NH 4 + net flux among species (see Table S1 available as Supplementary Data at Tree Physiology Online).
Nitrate net flux was significantly affected by root temperature (P < 0.0001) (Figure 2 , see Table S1 available as Supplementary Data at Tree Physiology Online). There were no significant differences in NO 3 − flux among species or seedlots within species (see Table S1 available as Supplementary Data at Tree Physiology Online). There was a significant interaction between Temperature effects on nitrogen form uptake of conifers 517 species and temperature, however (P = 0.02) (Figure 2 , see Table S1 available as Supplementary Data at Tree Physiology Online). On average, NO 3 − uptake was highest at 16 °C in Douglas-fir and Engelmann spruce and at 16 and 20 °C in Sitka spruce (Figure 2 ).
Long-term N form preference
In the MANOVA analyses of growth data, some interaction terms between the main factors temperature or N treatment, with species were significant for most growth parameters (see Table S2 available as Supplementary Data at Tree Physiology Online); therefore, data were reanalyzed by species. On average, Engelmann spruce seedlings were the smallest followed by Douglas-fir, while Sitka spruce seedlings grew the most.
Growth parameters For all three species, temperature, N form treatment and their interactions had a significant effect on at least one of the following: root collar diameter, shoot height, shoot dry weight, root dry weight, total dry weight or root : shoot ratio (see Table S3 available as Supplementary Data at Tree Physiology Online). Biomass increased with temperature in Douglas-fir and Sitka spruce (P < 0.0001); however, temperature had no significant effect on the total biomass of Engelmann spruce (Table 2) . At 20 °C, Douglas-fir had the greatest biomass when supplied with NO 3 − (Figure 3 ), but at 10 and 16 °C, Douglas-fir showed no significant difference in biomass accumulation among N form treatments (Figure 3) . In Engelmann spruce, growth was greatest with NH 4 + , on average, but differences were not significant (Figure 3 ). Sitka spruce also had the greatest biomass when supplied with NH 4 + at all root temperatures, but this effect was only significant at 20 °C (Figure 3) . Allocation of biomass to roots was lowest at 16 °C for all species, but this effect was only significant for Douglas-fir and Sitka spruce (P < 0.0001) (see Table S3 available as Supplementary Data at Tree Physiology Online). The root : shoot ratio was lowest in the NH 4 + treatment for Douglas-fir, the NO 3 − treatment for Engelmann spruce and the amino acid treatment in Sitka spruce (P ≤ 0.05). Other growth parameters showed a similar trend to total biomass (data not shown). Although growth parameters often showed an interaction between N treatment and temperature (see Table S3 available as Supplementary Data at Tree Physiology Online), trends were mainly amplified with temperature.
15 N uptake and N concentration Average N uptake (ng h −1 ) and whole-plant N concentration of conifers were significantly affected by temperature (P < 0.0001), N treatment (P < 0.0001) and species (P ≤ 0.0001), and there was Figure 3 . Mean (±SE) biomass of three conifer species in three temperature (10, 16 or 20 °C) and three N form treatments (arginine/alanine (AA), NH 4 or NO 3 ) after 4 months of growth. Bars represent the mean biomass of roots (gray bars) and shoots (white bars). Letters above bars indicate significant differences in mean total biomass for that species across all treatments (P ≤ 0.05) (n = 11-19).
a significant three-way interaction between these factors (P = 0.01) (see Table S4 available as Supplementary Data at Tree Physiology Online); thus, data were reanalyzed by species. When N uptake data were analyzed by species, temperature had a significant effect on N uptake in all three species (P ≤ 0.0001). On average, N uptake increased with temperature in all species (Table 2) ; however, the interaction term of temperature with N form treatment was significant for Douglasfir and Engelmann spruce (P < 0.001) (see Table S5 available as Supplementary Data at Tree Physiology Online). In Douglasfir, temperature interacted with N form treatment because N was taken up most quickly as 15 NH 4 + and 15 N-arginine at 10 and 16 °C, but as 15 NO 3 − at 20 °C (Figure 4) . In Engelmann spruce, the significant N form × temperature interaction was due to consistently high 15 NH 4 + uptake at all temperatures, while 15 NO 3 − uptake increased with temperature and 15 N-arginine uptake decreased with temperature (Figure 4) . In Sitka spruce, the uptake rates of 15 NH 4 + were consistently the highest at all temperatures (Figure 4) .
Whole-plant N concentration was significantly affected by temperature and N form treatment in all species (P ≤ 0.02), and by the interaction of temperature and N form in Sitka and Engelmann spruce (P ≤ 0.02) (see Table S5 available as Supplementary Data at Tree Physiology Online). Although all plants received the same amount of N, N concentration was greatest at 16 °C, on average, for all species (Table 2) . Nitrogen concentration of Douglas-fir was highest when supplied with NH 4 + or NO 3 − ( Figure 5 ). Nitrogen concentration of Sitka spruce was always highest when supplied with NH 4 + ( Figure 5 ). Nitrogen concentration of Engelmann spruce was highest when supplied with amino acids at 10 °C, NO 3 − at 16 °C and NH 4 + at 20 °C ( Figure 5 ).
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Nitrogen in the growing medium
Soil N form concentration data confirmed that the form of N applied remained present between nutrient applications, so that the N form supplied was consistently the N form found in the greatest proportion in soils (P < 0.001) ( Table 3, see Table S6 available as Supplementary Data at Tree Physiology Online). All N forms were present in all soils, however. Temperature only had a significant effect on the proportion of N found as NO 3 − (P < 0.001) (see Table S6 available as Supplementary Data at Tree Physiology Online). The lowest proportion of N as NO 3 − was found in 16 °C soils, on average (Table 3) .
Discussion
Long-term N form preference
A species preference for a given N form may be indicated by greater growth with that N form, or by greater uptake of that N form. Species preferences for certain N forms, in terms of growth, were apparent. As van den Driessche (1978) found for most soil conditions, Douglas-fir seedlings had good growth when supplied with NO 3 − , particularly at the highest temperature (Figure 3) . Sitka spruce and Engelmann spruce showed a preference for NH 4 + , in terms of growth (Figure 3 ), as has been observed for other spruce species (Ingestad and Molin 1960 , Marschner et al. 1991 , Kronzucker et al. 1997 ). Nelson and Selby (1974) also found that Sitka spruce shoot height was greatest when grown with NH 4 + . Lumme (1994) and Gessler et al. (1998) determined that Norway spruce takes up exclusively NH 4 + from soils, and Farrar (1995) reported that white spruce was never found on disturbed sites with high NO 3 − content. Poor growth with NO 3 − may be a result of poor uptake, metabolism and cellular storage of that N form (Kronzucker et al. 1997) . Engelmann spruce also grew well when supplied with amino acids at cooler soil temperatures (Figure 3 ). Soil N tends to contain a greater proportion of amino acids to inorganic N in cool climates Chapin 1981, von Wiren et al. 1997) . Kronzucker et al. (1997) argued that trees become adapted to the N characteristics of their native environments. Douglasfir often grows in dry, warm soils and on disturbed sites where NO 3 − is relatively more abundant. Nitrate availability is relatively high in the interior soils of BC where our seed was collected (Hope et al. 2003) . Sitka spruce grows naturally in moist, cooler soils where there is abundant NH 4 + . Ammonium concentrations have been reported to be ~400 times higher than NO 3 − concentrations in a Sitka spruce forest in Oregon (Stark and Hart 1997), and > 10 times higher in coniferous spruce forests of the Rocky Mountains (Prescott et al. 1992 ). The preference for NH 4 + and amino acids in Engelmann spruce may indicate an adaptation to cold areas. Organic N increases in relative availability when temperatures drop, reducing mineralization and nitrification rates (Atkin et al. 2000 , Kranabetter et al. 2007 , Warren 2009 ). As the subalpine climate of Engelmann spruce habitat is much cooler than that of the other two species, this conifer may be adapted to N forms found in cold soils. Other cold soil conifers such as Pinus banksiana have also been shown to have a preference for NH 4 + (Lavoie et al. 1992 ).
Long-term N form preference is affected by temperature
Soil temperature may elicit a differential effect on the uptake of NH 4 + and NO 3 − . Many tree species take up NH 4 + at higher rates than NO 3 − , and this relative difference increases when temperatures drop to <10 °C (Bassisirad 2000) . Plants that experience higher temperatures often show a preference (increased uptake) toward NO 3 − that mirrors soil N availability (Bassisirad 2000) . Whether a plant species can adjust to new environmental conditions will determine its ability to acclimate to changing climates. Many growth parameters showed some change in species' relative N form preference with a change in root temperature. For Douglas-fir, the growth with NO 3 − and uptake of this N source, relative to that of NH 4 + , increased from 10 to 20 °C ( Figures 3  and 4) ; however, in the field where conifer roots are likely to be associated with ectomycorrhizae, root NO 3 − preference may be offset by a mycorrhizal preference for NH 4 + and relatively greater access to NH 4 + and organic N by mycorrhizae (Hobbie et al. 2008) . In Sitka spruce, the relative growth preference for NH 4 + , compared with growth with NO 3 − , increased with temperature (Figure 3) , and NH 4 + was consistently taken up at the highest rate in this species (Figure 4) . The uptake of NH 4 by Sitka spruce has previously been positively correlated with seasonal temperature (Gessler et al. 1998) . Previous studies have shown a correlation with plant productivity and growing temperature in Engelmann spruce, Sitka spruce and Douglasfir (Tabush 1986, Balisky and Burton 1997) . Increased plant performance with warming is likely due to increased metabolic rates and increased N uptake at higher temperatures Warner 1979, Garnett and Smethurst 1999) . Table 3 . Mean (±SE) relative proportion (%) of NH 4 , NO 3 and soluble organic N measured in soils to which three N form treatments were applied, and which were incubated at three temperatures (average of three sampling dates in Weeks 5, 9 and 15) (AA = arginine/alanine). Studies on the effect of N source on biomass allocation are few, and rarely include organic N. On average, our species had a higher root : shoot ratio when supplied with NO 3 − (data not shown), as found for European species of birch and pine (Bauer and Berntson 2001) . In contrast, Evans et al. (1996) found that plants supplied with NO 3 − possessed a larger leaf area and plants supplied with NH 4 + allocated growth toward the roots, while Heiskanen (2005) found that N form did not influence the root : shoot ratio of Norway spruce. Cambui et al. (2011) determined that the root : shoot ratio of conifers was greatest with organic N and lowest with NO 3 − . They suggest that this may be because roots must grow to exploit lessmobile organic N forms, whereas NO 3 − is highly mobile in soils and will move to roots. The effects of altered biomass allocation in response to N form could be modified by mycorrhizal symbionts, as reduced root growth with one N form might be compensated by greater uptake of that N form by mycorrhizae. The variation among studies indicates that more work is needed on the effect of N form on the allocation of biomass in conifers and their association with mycorrhizal partners.
Short-term N form preference
Sitka spruce 15 N form uptake preferences closely matched N form preferences as indicated by growth (Figures 3 and 4) . Engelmann spruce 15 N form uptake preferences were also similar to growth with different N forms (Figures 3 and 4) . In Douglas-fir at cooler temperatures, uptake of 15 NO 3 was relatively low (Figure 4 ), whereas growth with this N source was similar to that with NH 4 + and amino acids at 10 and 16 °C (Figure 3) . Kronzucker et al. (2003) determined that Douglasfir has uncontrolled cytosolic uptake of NH 4 + and suggested that NH 4 + is poorly metabolized in this species, potentially leading to toxicity. Total plant N concentration was similar among all three N form treatments for Douglas-fir however ( Figure 5) ; thus NH 4 + did not appear to be toxic to Douglas-fir. Contrasts in N form preference measured by short-term uptake compared with long-term growth performance may indicate that temperature has different effects on uptake vs assimilation and transport of N forms within the plant. In ryegrass (Lolium perenne), different temperature responses of 15 N-glycine uptake and metabolism have been observed (Thornton and Robinson 2005) .
In all species, 15 NO 3 − uptake increased with temperature to a greater degree than uptake of other N forms (Figure 4) . A similar trend has been observed in other species. At root temperatures <14 °C, the absorption of NH 4 + by ryegrass plants was much greater than that of NO 3 − (Clarkson and Warner 1979) ; however, Thornton and Robinson (2005) found that the effect of temperature on relative uptake of N forms by ryegrass depended on whether N was supplied as a single or mixed N source. In that study, the proportion of N obtained from single-N source solutions at 11 or 21 °C decreased at the higher temperature for NH 4 + , increased for NO 3 − and was unchanged for glycine. In a mixed N source solution, however, the proportion of N taken up as NO 3 − was unchanged by temperature, while the proportion of N from glycine increased and NH 4 + decreased at 21 °C, relative to 11 °C (Thornton and Robinson 2005) . In Eucalyptus pauciflora, the uptake of glycine from soils was favored by low temperatures and of NO 3 − by warm temperatures (Warren 2009) . A generalized trend of increased relative NO 3 − uptake with warmer temperature might be due to the ability of all species to take up the N form that increases in abundance in warmer soils. Plants have shown the capacity to switch preference to the most abundant N form in soils (Houlton et al. 2007) . Differences in temperature sensitivity of N transporters, or transition temperatures of cellular compartments might also influence the uptake of N forms if assimilation of NO 3 − and NH 4 + occurred in different parts of a cell Warner 1979, Miller and Cramer 2004) .
Nitrogen ion flux data showed all species to have a greater net uptake of NO 3 − than NH 4 + from the solution (Figures 1 and 2 ). Hawkins et al. (2008) also found that Douglas-fir seedling roots had a higher net uptake of NO 3 − than NH 4 + from a solution containing both N forms. This trend matched growth data for Douglas-fir, but not the other two species (Figure 3 ). On average, there was a trend of increasing NH 4 + efflux with temperature, and NH 4 + uptake occurred only at 10 °C in four of the six seedlots (Figure 1 ). Ammonium efflux from poplar roots has also been determined to increase with temperature (L. Kalcsits, personal communication). At higher temperatures, nutrient leakage out of roots may increase with higher membrane fluidity and permeability. Plants grown with high amounts of NH 4 may also undergo futile cycling, where, in an effort to regulate cellular NH 4 + levels, plants lose control of their ability to retain NH 4 + (Kronzucker et al. 2003) , resulting in efflux and potentially higher respiratory costs (Britto and Kronzucker 2006) . As we measured flux in a NH 4 NO 3 solution, it is possible that seedlings obtained sufficient N from NO 3 − and excreted excess NH 4 + . The highest NO 3 − net uptake occurred at 16 and 20 °C for all species (Figure 2 ). On average, the net NO 3 − uptake was greater at 16 °C than at 20 °C in Douglas-fir and Engelmann spruce (Figure 2 ), which differed from the 15 NO 3 − uptake results (Figure 4) . At higher temperatures, the increased membrane permeability of cells may reduce net ion uptake by plant roots as many ions can passively diffuse out of root cells. This could explain why we did not see a linear increase of short-term NO 3 − uptake with temperature in Douglas-fir and Engelmann spruce. The contrasts between ion uptake and growth results again highlight the need to investigate several levels of organizationthe short-term organ response to tightly controlled conditions and the long-term, integrated, whole-plant response-when investigating plant adaptation and acclimation.
Global climate change will likely be associated with increased soil temperatures due to increases in the number of hot days Temperature effects on nitrogen form uptake of conifers 521 and increases in global mean air temperature (Atkin et al. 2000) . With predicted increases in global temperatures up to 6.4 °C and atmospheric CO 2 concentrations up to 1000 ppm (v/v) in the next 100 years (IPCC 2007) , conifer growth rates may increase if soil moisture is not limiting, and the requirement for soil nutrients will increase to meet growth demands. Increased rates of N mineralization in soils at warmer temperatures may not match the greater growth demands of forest trees, however, and growth may be increasingly limited by the availability of soil nutrients. If growth is N limited, the increased demand for NO 3 with warming predicted by our results may not translate to an effect on growth.
Identifying the adaptations of a conifer to N is an important first step towards determining changes in distribution and performance of temperate tree species under climate-influenced changes in the N cycle. Changes in relative N form uptake in warmer climates may affect the competitive abilities of conifers if warming climates change the N characteristics of soils and the proportions of N forms available. Our results indicate that conifers have a significant degree of flexibility in uptake of different N forms, but species like Sitka spruce that show a consistent preference for NH 4 at all temperatures may be disadvantaged relative to Douglas-fir if soils increase in NO 3 content. As soil processes and the mycorrhizal partners of trees likely have their own patterns of temperature response, and soil biota and vegetation interact to influence the suite of N forms available, we must also understand soil N changes, mycorrhizal physiology and the interactions among all components of the system to confidently predict changes in competition for N among tree species in warming climates.
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Supplementary data for this article are available at Tree Physiology online.
